Significant mass transfer between steam and water phases makes it difficult to measure steam-water capillary pressure using routine methods. Because of the difficulties, few experimental data are available. A formula was derived on the basis of the Kelvin equation to calculate steam-water capillary pressure. The water phase temperatures and pressures measured using a steady-state flow method were used to perform the calculations. The preliminary results of both drainage and imbibition steam-water capillary pressure were obtained. It was confirmed that the lowering of vapor pressure was small but the capillary pressure was significant for the system studied. This experimental observation is consistent with thermodynamic analysis.
Introduction
It has often been assumed in steam numerical simulators that steam-water flow in porous media can be represented as gas (air or nitrogen)-water flow. In recent years, attention has been paid to the measurements of steam-water relative permeability [1] [2] [3] [4] [5] [6] . Horne et al. 2 found that there were significant differences between nitrogen-water and steam-water relative permeabilities. Accordingly, there may also be significant differences between nitrogen-water and steam-water capillary pressures. To compare the two, reliable experimental data of steam-water capillary pressure are required. However, there have been few direct measurements of steam-water capillary pressure from steam-water flow experiments. Less attention has been paid to the measurements of steam-water capillary pressure, even though capillary pressure is of equal significance to relative permeability and plays an important role in controlling fluid distributions and recoveries in petroleum and geothermal reservoirs.
Tsypkin and Calore 7 developed a mathematical model of steam-water phase transition. They found that steam-water capillary pressure could play a stabilizing role for the vaporization front, causing a sharp zone to develop. Urmeneta et al. 8 also studied the role of capillary forces in fractured reservoirs and found that capillary pressure tended to keep the vapor phase in the fracture and the liquid phase in the matrix.
Using the adsorption data of Horne et al. 9 for rock samples from The Geysers geothermal field, Sta. Maria and Pingol 10 inferred the values of steam-water capillary pressure. They found the steam-water capillary pressure to range from 0 to 86,000 psi. Persoff and Hulen 11 also inferred the capillary pressure from adsorption data of The Geysers rock samples and found the steam-water capillary pressure ranging from 0 to about 28,000 psi. The graywack core samples used by Persoff and Hulen 11 were similar to those used by Sta. Maria and Pingol 10 . The porosity was about 2% and the permeability in the nanodarcy (nd) range.
The adsorption/desorption tests that have been used to infer steam-water capillary pressure are static processes in which there is no steam-water flow. In actual petroleum and geothermal reservoirs, however, capillary pressure plays an important role while steam and water flow simultaneously through the rocks. Hence the process governing an adsorption test may not represent the mechanisms under actual fluid flow conditions in those reservoirs. The steam-water capillary pressures from adsorption data may or may not be the same as those measured using a dynamic method in which steam and water are flowing.
Very strict sealing requirements have to be achieved for long periods of time during the adsorption tests, which is very difficult especially at high temperatures. These disadvantages may be overcome by using a steady-state flow method.
The main purpose of this paper was to develop a method to calculate steam-water capillary pressure using data from the experiments of steady-state steam-water flow. An X-ray CT technique was used to measure the water saturation and its distribution in the core sample. The effect of temperature on CT values used to calculate the water saturations was studied experimentally.
RT r
where p 0 is the vapor pressure when the vapor-liquid interface is flat; p v is the vapor pressure in a capillary tube of radius r when the vapor-liquid interface is curved; σ is the interfacial tension and θ is the contact angle measured through the liquid phase; R is the gas constant, T the absolute temperature, M w the molecular weight of liquid, and ρ w the density of liquid.
The Kelvin equation assumes that: (1) all adsorption is only caused by capillary condensation; (2) adsorbate density is equal to bulk liquid density; and (3) the validity is unimpaired at low values of r.
The capillary pressure, P c , in a circular capillary tube is also determined by the interface curvature, fluid and substrate properties, and can be calculated as:
Combining Eqs. 1 and 2:
Capillary pressure is defined as the pressure difference between the nonwetting and the wetting phases and is expressed as follows:
here p w is the pressure of the liquid phase which is the wetting phase in the system studied. Substituting Eq. 4 into 3, we can obtain:
Eq. 5 may be used to calculate steam-water capillary pressure.
In the steam-water flow experiments, the pressure (p w ) and temperature (T) of the water phase can be measured at the same time and the same location 4 , while the saturation pressure on flat surface (p 0 ) can be calculated according to the measured saturation temperature. Therefore, the vapor pressure (p v ), as the only unknown parameter in Eq. 5, can be obtained by Newton iteration. The capillary pressure is then computed using Eq. 4 once p v is known. Eq. 5 was solved iteratively in this work.
Note that Eq. 2 is only correct in a capillary tube with a circular shape. On the other hand, the adsorption process in a porous medium is governed not only by capillary pressure but also Van der Waals attractive forces, including the dispersion forces. In addition, the electrostatic forces may play an important role. In order to apply Eq. 5 in porous media, we need to assume also that differences of pore shape from circular can be ignored. It may be necessary to make some correction to apply Eq. 5 in porous media, in order to meet this assumption as well as all the assumptions inherent in the Kelvin equation itself. In this study, we calculated the vapor pressure using Eq. 5 and then calculated the values of steamwater capillary pressure using Eq. 4. The validity of using the Kelvin equation to calculate capillary pressure will be discussed later in more detail.
Fluid
Saturation. An X-ray CT technique has been used in recent years to measure the distribution of steam and water saturation in rocks to obtain steam-water relative permeability curves (Ambusso 1 , Mahiya 4 , and Satik 6 ). The steam saturation in a core sample during the measurement of steam-water relative permeability curves is usually calculated using the following equation 1, 6 : (6) where S st is the steam saturation; CT wet , CT dry are the CT numbers of the rock when it is fully saturated by water and air, respectively; CT exp is the CT number of the rock when it is partially saturated by steam.
The values of CT exp are usually measured at high temperatures during the measurements of steam-water flow. The values of CT wet are usually measured at room temperature; CT exp may be less than CT wet even when there is no steam at all in the rock. Therefore, the steam saturation calculated using Eq. 6 would be greater than zero, which would not represent the real situation in the rock. To emphasize the effect of temperature on the CT values, Eq. 6 is represented as follows:
where CT wet (T), CT dry (T) are CT numbers of the rock when it is fully saturated by water and air at a temperature of T, respectively; CT exp (T) is the CT number of the rock when it is partially saturated by steam at the same temperature T.
Once the values of CT wet (T) and CT dry (T) are obtained, porosity can be calculated using the following equation:
here CT water and CT air are the CT numbers of water and air at a temperature of T, respectively.
Experiments
The experimental details regarding the collection of the data used in this study have been presented in Mahiya 4 . For convenience, a brief summary of the steam-water flow tests is given here. Distilled water was used as the liquid phase and to generate steam; the specific gravity and viscosity were 1.0 and 1.0 cp at 20 o C. The steam properties at high temperatures were calculated using the ASME Steam Tables, based on the measured values of pressure and temperature. The surface tension of vapor/water at 20 o C was 72.75 dynes/cm. A Berea sandstone sample fired at a temperature 450 o C was used; its permeability and porosity were 1400 md and 24.8%; the length and diameter were 43.2 cm and 5.04 cm, respectively.
A schematic of the apparatus is shown in Fig. 1 . One of the challenges in this steady-state flow test was to maintain an adiabatic condition. To this end, a technique using flexible guard heaters wrapped around the coreholder was developed by Mahiya 4 . The exact amount of heat that was lost from the core-fluid system was supplied back to the system using the flexible guard heaters, so that the overall heat loss would be negligible. Automation and data acquisition were realized by using the software LabView 4.1 and corresponding hardware (National Instrument Co.). Steam and water saturations were measured using a Picker TM Synerview X-ray CT scanner (Model 1200 SX) with 1200 fixed detectors. The voxel dimension was 0.5 mm by 0.5 mm by 5 mm, the tube current used was 50 mA, and the energy level of the radiation was 140 keV. The acquisition time of one image was about 3 seconds while the processing time was around 40 seconds.
Pressures and temperatures of water phase were measured through ports at eight positions along the core spaced about 5 cm apart. Differential pressure transducers manufactured by CES Co. (Model 238) were used; the linearity was about 0.25% full scale and the range of differential pressure was from 0 to 10 psi. All the pressure transducers were calibrated before and after the experiments using a standard pressure gauge with an accuracy of 0.05 psi.
The core sample was dried by evacuation at about 30 millitorr while heating. Once dried and cooled, the core sample was saturated with distilled water. In order to achieve two-phase flow conditions in the core sample, dry steam and hot liquid water were injected separately at two inlet ports. Each inlet stream of fluid came from deionized water pumped from a common reservoir to a boiler and then to a condensing loop. This process eliminated the dissolved air that would introduce errors in the saturation measurements. The deaerated water was then delivered to the heating head where each of the two streams was heated to either steam or hot water (see Fig.  1 ). The steam and hot water then became partially mixed at the interface between the core and the head, and further mixed as they entered the porous medium. Steam and hot water were produced from the outlet end of the core and the total volumetric flow rate was computed using a balance (with an accuracy of 0.01g) and timer, and compared with the injection rates specified at the pumps. Temperatures, pressures, and saturations in the core were measured once the flow of steam and water reached steady state, and these values were used to calculate steam-water capillary pressure with Eqs. 4 and 5. After each set of steady-state measurements, the water saturation in the core sample was varied by adjusting the ratio of steam flow rate to water flow rate that was dependent on the power supplied to the steam and the water heaters.
Results
Steam-water capillary pressure curves under both drainage and imbibition conditions were calculated by using Eqs. 4 and 5.
The experimental results and analysis are presented in this section.
Effect of Temperature on Saturation Measurements.
In some cases, CT exp were measured but CT wet and CT dry were not measured at a specific temperature. To obtain the absent CT values, we studied the effect of temperature on CT wet and CT dry . Fig. 2 shows the porosity distribution along the core sample. As expected, this rock was homogenous. We measured the porosity distribution in the core sample two times. The two measurements were consistent with each other except at the bottom end of the core. The values of the average porosity measured by X-ray CT scanning in two times were 24.7 and 24.8%, respectively.
The effect of temperature on the values of CT dry is shown in Fig. 3 . It is clear that there are significant differences among the values of CT dry at different temperatures. The variation of CT dry along the core might be brought about by the stand supporting the coreholder and the wires; part of the stand was made of aluminum. Fig. 4 shows the effect of temperature on the values of CT wet when the core sample was fully saturated with water at four different temperatures. The values of CT wet increase with the decrease of temperature.
To demonstrate the effect of temperature on the measurement of steam saturation, we assumed that the values of CT wet and CT dry were measured at room temperature and the values of CT exp were measured at 92 o C. The steam saturations were then calculated using Eq. 6 and the results would be as in Fig. 6 . During the experimental process, the water saturation was first decreased from 100% to the remaining water saturation, about 28%, representing a drainage process. The water saturation was then increased, representing an imbibition. The entry capillary pressure of steam is small for this sample. The drainage steam-water capillary pressure in the sample at a water saturation of about 30% is around 10.4 psi, as shown in Fig. 6 . The water saturation remaining in the core sample after the drainage by steam flooding was about 28%, as mentioned previously. The actual residual water saturation may be slightly less than this value because of practical limitations on the duration of the experiments; it may be estimated using a regression analysis with the experimental data.
Also shown in Fig. 6 is the imbibition curve. The imbibition steam-water capillary pressure at a water saturation of about 30% is around 3.5 psi which is much less than the drainage steam-water capillary pressure at the same water saturation. The imbibition steam-water capillary pressures are actually less than the drainage steam-water capillary pressures over the whole range of water saturation (see Fig. 6 ). This observation is consistent with that in gas-liquid systems. As an example, Leverett 12 found that the imbibition air-water capillary pressure was less than the drainage capillary pressure in a sand pack.
The Brooks-Corey 13 capillary pressure function is often used to model the drainage capillary pressure curve as given by:
where p e is the entry capillary pressure and λ is the pore size distribution index.
* wd S is the normalized water saturation in the drainage case and is defined as follows: 
where S wr is the residual water saturation by drainage. We used the Brooks-Corey capillary pressure function to fit the experimental data. Fig. 7 shows a match to all the data of the drainage steam-water capillary pressure from this study using a value of 20% for S wr . The values of the best-fit parameters are p e = 0.425 psi and λ =0.543. The match for the drainage curve has an R-squared value of 0.819; the match to the experimental data is good, as shown on Fig. 7 . Sinnokrot 14 measured the oil-water capillary pressures of different rocks (limestones and sandstones) at different temperatures; he found that the Brooks-Corey function could model the drainage oil-water capillary pressure curves but not the imbibition ones. Physically, it may not be appropriate to model imbibition capillary pressure curves using Eq. 9. For example, there should be no parameters such as entry pressure in an imbibition capillary pressure model. In order to model the imbibition curve of the steam-water capillary pressure, the normalized water saturation for an imbibition model is defined as follows: ) where S wi is the initial water saturation for imbibition; it is equal to the residual water saturation by drainage in this study. S sr is the residual steam saturation by imbibition and * wimb S is the normalized water saturation for an imbibition capillary pressure model; it is given by:
here p m is the capillary pressure at S wi ; m is a fitting coefficient for the imbibition capillary pressure model. Fig. 8 shows the match to the data of imbibition steamwater capillary pressures using Eq. 12, given that S sr is equal to 13% (see Ref. 2) . The values of the best-fit parameters are p m = 7.462 psi and m =4.572; the R-squared value is equal to 0.623.
We can see from Figs. 7 and 8 that the drainage steamwater capillary pressure curve can be fitted satisfactorily using the Brooks-Corey model and the imbibition curve can be described by the suggested mathematical model (Eqs. 11 and 12). It would be useful for reservoir engineers to have such models for representing steam-water capillary pressure in numerical simulation and other engineering calculations.
The thermodynamics of single component vapor-liquid interfaces on flat surfaces may be different from that on curved surfaces. The vapor and liquid pressures in curved surface liquid-wet systems such as a steam-water-rock system may decrease, compared to that in a flat surface system. Fig. 9 plots the saturation pressures, which are equal to the vapor pressure on flat surfaces, and vapor pressures in Berea during both drainage and imbibition processes in steam-water flow. The vapor pressures are calculated using Eq. 5. The lowering of vapor pressure in Berea is very small in either drainage or imbibition case (see Fig. 9 ). This phenomenon is consistent with the thermodynamic analysis by Udell 15 . The lowering of water vapor pressure was less than 1% for effective radii greater than 0.1 µm for all temperatures below the critical point and above the triple point 15 . Sanchez and Schecher 5 also mentioned that the lowering of vapor pressure was almost negligible.
Because the steam-water capillary pressure in Berea is significant (see Fig. 6 ), the lowering of liquid pressure must also be significant. This observation demonstrates that the pressures of the liquid phase should be measured to obtain the steam-water or other kind of vapor-liquid capillary pressures in high permeable rocks using the Kelvin-based equations, as it has been done in this study.
Also shown in Fig. 9 is that the vapor pressure in the drainage case is greater than that in the imbibition case. The vapor pressure in either drainage or imbibition case decreases with the increase of water saturation, as expected.
Discussion
The experiments in this study were conducted in Berea sandstone with high permeability. In rocks with very low permeability (for example, some rocks from geothermal reservoirs), pore throats of much smaller size than in Berea sandstone may be encountered. The lowering of vapor pressure in this case may be significant. We evaluated the lowering of vapor pressure by calculating (p 0 -p v )/p 0 in the rocks from The Geysers geothermal field. The data of the porosity and the permeability measured by Persoff and Hulen 11 were used. At a temperature of 120 o C, the value of (p 0 -p v )/p 0 calculated using Eq. 1 was about 57.8% for the rock sample with a porosity of 1.9% and a permeability of 1.2 nd. The contact angle was assumed to equal zero and the radius r was calculated using k=φr 2 /8. For this type of rock, we may need to measure the pressures of the vapor phase. For the Berea sandstone sample that we used, the value of (p 0 -p v )/p 0 was about 0.01%.
In this study, we assumed that the pressures measured by the pressure transducers were the pressures of the water phase rather than the pressures of steam phase. The reasons are stated in the following discussion. Firstly, the rock used in this study was probably strongly water-wet (no wettability data of steam-water-rock systems are available yet.); therefore, there would be a trend for water in the tubing connected with the pressure transducers to imbibe into the core through the pressure ports. This would keep water around the pressure ports. The water phase was the continuous phase because the whole core system was initially saturated with water and the core was water-wet. Secondly, the measured pressures were either water or gas pressures. When we assumed that the measured pressures were the pressures of the gas phase, almost all the drainage steam-water capillary pressures calculated using Eqs. 4 and 5 were negative, which is physically unreasonable. However, when we assumed that the measured pressures were the pressures of the water phase, the drainage steam-water capillary pressures computed using Eqs. 4 and 5 were reasonable, as shown in Fig. 6 . Collectively, these observations verified the appropriateness of the assumption that the pressures measured were the pressures of the water phase.
Considering the differences between the pore shape of the porous media and the circular shape that was assumed in the derivation of Eq. 5, another issue is the validity of using the Kelvin equation to calculate steam-water capillary pressure. Ward and Morrow 16 measured air-water capillary pressure using a centrifuge method and a desorption method on the same core. They found that the capillary pressures measured by the centrifuge method agreed satisfactorily with results derived from the desorption isotherms using the Kelvin equation. Melrose 17 and Melrose et al. 18 compared different techniques to obtain capillary pressure data; they concluded that in the low saturation region, air-brine capillary pressure data obtained by the water-vapor-desorption technique using the Kelvin equation agreed well with data obtained by the porous plate technique as well as the centrifuge technique. All these observations [16] [17] [18] confirmed the appropriateness of using the Kelvin equation to calculate capillary pressure in certain cases.
Note that two sets of experimental data (drainage and imbibition) were only used to calculate steam-water capillary pressure in this study. However, the experimental results have been repeated several times by different people using the same core sample 2 . Based upon the analysis of the differences between steamwater and nitrogen-water relative peremeabilities by Horne et al. 2 , we speculated that there might be significant differences between steam-water and air-water or nitrogen-water capillary pressures. It would be useful to identify how much the differences are. If there are no differences between steamwater and nitrogen-water capillary pressures or the differences are very small, we could measure nitrogen-water capillary pressure as a substitute of steam-water capillary pressure. The measurements of capillary pressure in air-water systems are very much easier to conduct. We have embarked on a project to measure the steam-water and air-water capillary pressures using the same rock sample in order to evaluate this issue.
The method developed in this paper to calculate steamwater capillary pressures may also be used in other singlecomponent two-phase systems. 
